INTRODUCTION
In recent years, Ca 2 Fe 2 O 5+d with d = 0 has attracted intensive interest from research groups, because of its novel properties applicable to ecotechnology, such as its suitability for reliable resistiveswitching memory, 1 electrochemical energy conversion devices (i.e., solid-oxide fuel cells and metal air batteries), 2 gas sensors, 3 chemical looping H 2 production, 4 and reversible CO 2 capture for air purification. 5 At room temperature, it has brownmilleritetype orthorhombic structure in space group Pcmn with lattice constants a = 5.425 Å , b = 14.769 Å , and c = 5.598 Å . 6, 7 This structure can be described as alternating layers of corner-sharing FeO 6 octahedra and FeO 4 tetrahedra. The Fe 3+ spins are nearly directed along the c axis, leading to G-type antiferromagnetic (AFM) order and weak ferromagnetism in Ca 2 Fe 2 O 5 . 3, 8 Detailed investigation of its thermal expansion has revealed that this compound exhibits several transitions, [8] [9] [10] including an antiferromagneticparamagnetic (AFM-PM) transition at T N % 725 K (the Néel temperature), transformation of the original Pcmn structure to a body-centered structure at $ 970 K, an incommensurate modulated transition caused by lattice expansion in the a and c directions at $ 1180 K, and significant lattice contraction along the b direction at $ 1308 K. 10 These transitions can change the oxygen content (d), and result in two symmetry types with left and right FeO 4 tetrahedral chains along the c axis in the same layer. 9, 10 In terms of its electrical properties, Ca 2 Fe 2 O 5 is an insulator and considered as a model system for understanding oxygen-ion-related conductivity. A large change in the oxygen content of Ca 2 Fe 2 O 5+d with d = 1 results in formation of the end system CaFeO 3 (with perovskite-type structure of ABO 3 ), 11, 12 and a metal-insulator transition at $ 290 K. 13 The electrical conductivity of Ca 2 Fe 2 O 5 has been found to be enhanced by N doping 2 or (Mg, Al) codoping. 14 with purity of 99.9% were used as precursors. These powders were combined in stoichiometric amounts according to the nominal formula Ca 2Àx La x Fe 2 O 5 , then well mixed by using an agate pestle and mortar. The mixtures were then pressed into pellets and preannealed at 1373 K for 12 h. After several intermediate applications of the grinding and preannealing processes at temperatures below 1523 K, the final pellets were annealed once more at 1573 K for 24 h. The crystal structure of the resulting products was checked by x-ray diffractometer (Rigaku, MiniFlex) equipped with Cu K a radiation source (wavelength k = 1.5406 Å ). Notably, before taking x-ray diffraction (XRD) patterns, a small amount ($ 5 wt.%) of standard Si powder was mixed with all compounds, to minimize errors caused by position calibration of the incident x-ray beam. The electronic structure associated with the Fe absorbing atom (E 0 = 7112 eV) 17 in Ca 2Àx La x Fe 2 O 5 was studied by using x-ray absorption fine structure (XAFS) spectroscopy (Pohang Accelerator Laboratory, South Korea). Data in the x-ray absorption near-edge structure (XANES) region were collected in steps of 0.2 eV to 0.5 eV. The XAFS data were analyzed using the IFEFFIT software package. For reference, we also recorded XAFS spectra of Fe 3 O 4 (with a mixture of Fe 2+ and Fe
3+
) and Fe 2 O 3 (Fe 3+ ), corresponding to E 0 values of about 7121 eV and 7123 eV, respectively. Electron spin resonance (ESR) spectra were recorded from the powder compounds using a JEOL-TE300 spectrometer operating in the X-band frequency range at f % 9.45 GHz. Magnetization (M) versus magnetic field measurements were performed by vibrating-sample magnetometry (VSM), varying the magnetic field (H) from 0 kOe to 10 kOe. The electrical resistivity was measured in the temperature range of T = 20 K to 400 K by four-probe technique in van der Pauw configuration.
RESULTS AND DISCUSSION
Crystalline, Local Geometric, and Electronic Structures However, for x ‡ 0.1, additional peaks started to appear and the brownmillerite peaks gradually disappeared. By comparison with the reference compounds ( Fig. 2 We additionally analyzed the brownmillerite phase in the compounds with x = 0 to 0. Table I are in good agreement with those previously reported. 6, 7 With increasing x from 0 to 0.1, these parameters slightly increased, owing to replacement of La 3+ with larger ionic radius (1.16 Å ) for Ca 2+ with smaller radius ($ 1.0 Å ). However, increase of x above 0.1 reduced the unit cell parameters, owing to formation of Grenier and perovskite phases. These results indicate that Careful analysis of the XANES spectra reveals three points of interest as follows:
(1) The intensity of the pre-edge peak (labeled P 1 ) at around 7112 eV attributed to the 1s fi 3d dipole-forbidden transition of Fe ions 23, 24 is associated with the symmetry of the crystal field around the Fe absorbing atom. Tetrahedrally coordinated Fe ions give strong P 1 intensity, due to the mixture of p and d orbitals in the tetrahedral symmetry, for the case of brownmillerite Ca 2 Fe 2 O 5 . Meanwhile, low P 1 intensity will be observed for octahedrally coordinated Fe ions, due to the quadrupole-allowed transition in the octahedral symmetry, for the case of perovskite LaFeO 3 .
(2) There is a shoulder (labeled P 2 in Fig. 4 ) at around 7119 eV, which is ascribed to the 1s fi 4p transition with simultaneous ligand-to-metal charge transfer. 24 Similar to the case of P 1 , the intensity of P 2 is also dependent on the crystal field symmetry. It is strong for brownmillerite-type structure with alternating sheets of FeO 4 and FeO 6 , and weak for other (i.e., Grenier and perovskite) phases. The intensity decreased and the peak shifted towards higher energy for P 1 and P 2 with increasing x (Fig. 4 and inset) , demonstrating the brownmillerite-to-perovskite transformation through the Grenier phase.
(3) The midpoint of the absorption edge (labeled E exp ), corresponding to the maximum of the first derivative curve (Fig. 4, lower panel) , correlates with the valence state of Fe atoms, being about 7123 eV for the parent Ca 2 Fe 2 O 5 (x = 0). This value is the same as the E 0 value of Fe 3+ in Fe 2 O 3 . However, with increasing x, E exp tended to shift towards higher energy corresponding to Fe 4+ , being about 7125 eV for x = 1, as presented in Table I .
The local geometric structure around Fe ions can be determined by plotting the Fourier-transformed (FT) spectra of the extended x-ray absorption fine structure (EXAFS) region. Specifically, the FT spectra of the Ca 2Àx La x Fe 2 O 5+d compounds (Fig. 5) showed a strong peak centered at about 1.5 Å , corresponding to the average bond distance of Fe-O (R Fe-O ). Due to the phase shift of photoelectron backscattering, this peak was shifted by $ 0.5 Å on the R axis from the standard value. 25 Table I . Experimental values of some parameters determined by studying the crystalline and electronic structures and electrical and magnetic properties of La-doped Ca 2 Fe 2 O 5 compounds. The structural parameters (a, b, c, and V) were only calculated for compounds that crystallized mainly in brownmillerite phase Together with the peak shift of R Fe-O , its intensity also increased with increasing x in the Ca 2Àx La xFe 2 O 5+d compounds. This is thought to be due to an increase in the coordination number of oxygen atoms surrounding the Fe atom, because the EXAFS spectrum is the sum of outgoing and incoming waves, which depend on the immediate environment of the absorbing atom. 25 In other words, d in Ca 2Àx La x Fe 2 O 5+d tends to increase with increasing x, in good agreement with the XRD analysis above. In summary, the studies of the geometric and electronic structures demonstrate that: (1) 
Magnetic Properties
The magnetic properties of the Ca 2Àx La x Fe 2 O 5+d compounds at room temperature were studied by means of ESR and magnetization measurements. Their ESR spectra indicated that the signal intensity (Int) was very weak for x = 0, but became strong on increasing x from 0.05 to 1 (Figs. 6 and 7a) . Concurrently, the spectral line width (DH) and resonant field (H r ) also changed ( Fig. 7b and c) T N % 700 K, [8] [9] [10] Here, the different variation tendencies of Int, DH, and H r are due to their different nature and depend on the volume fractions of the crystal phases in the compounds. While Int is mainly associated with the magnetic susceptibility, DH is associated with the total magnetic moments that contribute to resonance. Meanwhile, H r is dependent on the Landé g-factor characteristic of spin-spin and spin-orbit couplings 27 of Fe 3+ and Fe 4+ ions. Obviously, together with EXAFS studies, use of ESR spectroscopy as an auxiliary tool is very helpful to detect small changes in the concentration of Fe 4+ in Ca 2Àx La x Fe 2 O 5+d , particularly for the compounds with x = 0.05 to 0.2.
Considering the M(H) results (Fig. 8) , it emerges that all the Ca 2Àx La x Fe 2 O 5+d compounds exhibit magnetic hysteresis loops with weak FM/AFM order at room temperature. These M(H) data can be divided into two characteristic groups. The first group includes the compounds with x £ 0.3, whose loop areas at magnetic fields H < 2 kOe are narrow; at higher fields, no loop is observed and M increases linearly with increasing H. The other group includes the compounds with x > 0.3, whose loop areas are much larger than those of the first group; at magnetic fields H > 7 kOe, there is no hysteresis loop and the M(H) dependences are linear. Such linear M(H) dependence at high field could be related to various effects such as (1) the magnetic moments in FM/AFM regions have not yet reached saturation state, (2) short-range FM order, and/or (3) paramagnetism of isolated Fe 3+,4+ ions. For the hysteresis loop regions associated with FM/AFM interactions, one can analyze the x dependence of the saturation magnetization (M r ) and coercivity (H r ), as shown in Fig. 9 . For the first group, M r gradually decreased from 0.047 emu/g for x = 0 to $ 0.038 emu/g for x = 0.3, while H c changed less (86 Oe to 129 Oe). However, for the second group, both M s and H c increased rapidly with increasing x from 0.4 to 1. These variations of M s and H c are associated with the changes in the Fe 3+ /Fe 4+ ratio and structural phases. As mentioned above, brownmillerite phase is dominant for x < 0. (Fig. 9 ) and H r (Fig. 7c ) versus x is more or less the same. This is due to their Crystalline and Electronic Structures and Magnetic and Electrical Properties of La-Doped Ca 2 Fe 2 O 5 Compounds correlation to FM resonance, as described by the Kittel formulae. 30 
Electrical Properties
We measured the resistivity, q, of the Ca 2Àx La x Fe 2 O 5+d compounds in the temperature range of T = 20 K to 400 K. However, the q for the compounds with x = 0 and 0.05 was above 5 9 10 6 X cm, lying beyond the measurement range of our device. For the other compounds (x ‡ 0.1), we recorded their resistivity at temperatures of T > 120 K, as shown in Fig. 10 . Depending on x and T (from 120 K to 400 K), q varied over a wide range from 1 X cm to 10 6 X cm. For given x value, q decreased exponentially with increasing T, being a typical characteristic of semiconductors. In particular, the q-T dependences can be described based on the adiabatic small polaron hopping (SPH) model formulated as
where E a is the polaron formation energy and k B is the Boltzmann constant. The resistivity coefficient q 0 can be determined from the following equation:
where n is the charge carrier density, x is the hole (Fe 4+ ) concentration, and d is the polaron diffusion constant, which depends on the lattice constants and the characteristic frequency of the longitudinal optical (LO) phonon carrying polarons through the lattice. 31 The motion of charge carriers in the adiabatic region is considered to be faster than lattice vibrations. Using Eq. 2 to fit the q(T) data in the range of T = 130 K to 400 K (Fig. 11) , we determined the values of E a , as shown in Table I and the inset of Fig. 11 . The results reveal that E a varied as a function of x, being 123.8 meV for x = 0.1 but decreasing rapidly to 94.8 meV for x = 0.2. In the range of x = 0.3 to 0.7, E a (95 meV to 97 meV) remained relatively unchanged, but slightly increased at x = 1. These values indicate a close relation between q, E a , and Fe 4+ ions. In other words, the decrease in q is due to an increase in the Fe 4+ concentration (with increased density of charge carriers) that reduces E a . Small polarons involved in nearest-neighbor hopping become more mobile versus thermal activation processes. Recently, Malveiro et al.
14 studied brownmillerite Ca 2 FeAl 1Àx Mg x O 5 (x = 0 and 0.05), finding large values of E a (260 meV to 620 meV), which tended to decrease if more Fe 4+ ions were added to the brownmillerite lattice. Apart from the important role of Fe 4+ ions, we believe that structural changes and grainboundary-related effects also influence q and E a , because the LO phonon frequency and the hopping of polarons would be modified by these factors. 14, 32 
CONCLUSIONS
Detailed analysis of the XRD patterns, Fe K-edge XANES spectra, and ESR spectra of Ca 2Àx La x Fe 2 O 5+d compounds (x = 0 to 1) at room temperature revealed the following: (1) structural phase transformation due to the increasing oxygen and Fe 4+ contents. M(H) measurements at room temperature also revealed magnetic phase separation with two characteristic groups. For the first group, M r gradually decreased from 0.047 emu/ g for x = 0 to $ 0.038 emu/g for x = 0.3, while H c changed less (86 Oe to 129 Oe). However, for the second group, both M s and H c increased rapidly with increasing x from 0.4 to 1. These variations of M s and H c are tightly related to the changes in the Fe 3+ /Fe 4+ ratio and structural phases. Study of the temperature-dependent resistivity in the range of T = 20 K to 400 K revealed that all the compounds are insulators. Although the q(T) values for the compounds with x = 0 and 0.05 lay beyond our measurement capability of 5 9 10 6 X cm, the compounds with x ‡ 0.1 showed lower q(T) values that decreased with increasing x from 0.1 to 1 and T from 120 K to 400 K. We also found that the q(T) data for x ‡ 0.1 obeyed the adiabatic SPH model, with rapidly decreasing polaron formation energy E a for x > 0.1. Apart from the important role of Fe 4+ ions, structural changes and grain-boundary-related effects are also thought to influence q and E a .
